Introduction
Since the transmissible spongiform encephalopathy (TSE) emerged around 1730 in France with the description of an uncommon disease in sheep named 'scrapie' [1] , continuous researches into natural TSE cases have resulted in an increasing list of TSEs and species susceptible to this family of diseases. Currently known TSEs include Creutzfeldt-Jakob disease, Gerstmann-Sträussler-Scheinker syndrome, fatal familial insomnia and kuru in humans, scrapie in goats and sheep, bovine spongiform encephalopathy in cattle, and chronic wasting disease in elk and deer [2] . It has also come to light that some species have low susceptibility to clinical TSE [3] . Thus, animals could be divided into two groups according to their TSE susceptibility: highly susceptible group (including hamster, mice, cattle, sheep, and deer) and lowly susceptible group (including rabbit, horse, and dog) [4, 5] . To understand species susceptibility to TSEs and the mechanism of prion disease susceptibility, Gibbs and Gajdusek [5] made many attempts to infect rabbits with different prion strains, but all failed. Unsuccessful experimental challenges to infect rabbits with prion and lack of documented natural TSE cases in this species had led to the belief that rabbits have low susceptibility to TSEs.
Fernandez-Funez et al. [6] found in vivo evidence to support the decades-old observations on prion susceptibility by creating transgenic flies expressing wild-type, full-length hamster, mouse, or rabbit prion protein (PrP). They compared the transgenic flies expressing PrP of different species by biochemical, histological, and behavioral assays, and found that rabbit PrP did not induce neurodegeneration in the brains of transgenic flies, while hamster PrP could be misfolded into PrP Sc -like conformers and induced strong vacuolar changes in brain neurons [7] . In order to directly test neuronal dysfunction, they assayed the ability of the three proteins to induce progressive locomotor dysfunction. Both hamster and mouse PrP induced locomotor defects in a few days, whereas flies infected with the rabbit PrP were similar to control flies. In addition, only hamster and mouse PrP were recognized by a conformational antibody specific for PrP Sc -like structures [8] . The inability of rabbit PrP to acquire conformation to induce PrP pathobiology clearly distinguished rabbit PrP from hamster or mouse PrP. These studies supported the belief that rabbits have low susceptibility to TSEs.
According to the widely accepted 'protein only' hypothesis, an abnormal isoform of host-encoded cellular PrP (PrP C ) is the principal and possibly the sole constituent of the transmissible agent or prion [2, 9, 10] . The b-state is a monomeric folding intermediate that lay between the native and unfolded state in the PrP folding pathway [11] , and is similar to b-structured oligomers of proteins involved in other neurodegenerative diseases. It plays an important role in the development of prion diseases [12] . Khan et al. [13] showed that the b-state PrP is highly toxic in cell culture. The propensity of PrP to form b-state PrP from hamsters, mice, rabbits, horses, and dogs was highly correlated with the prion disease susceptibility of the species. Thus, the propensity to form b-state PrP was considered a valid marker of prion disease susceptibility [13] , and could be used for the assessment of animal's susceptibility to prion diseases.
Several independent studies on rabbit PrP gained insights into the molecular principles regulating PrP conversion and stability, which may account for the low susceptibility of rabbits to prion diseases. We reviewed studies on the unique molecular structures and their relationship to the stability of rabbit PrP, which may be important determinants of rabbit's low susceptibility to prion diseases.
Resistance of Rabbit PrP to Denaturation
To understand the structural characteristics of PrP, Khan et al. [13] subjected recombinant PrP 90 -231 of different susceptible animals including Syrian hamster, mouse, rabbit, horse, and dog to comparative biochemical studies. Using hamster PrP 90 -231 at 0, 2.5, and 7.5 M urea ( pH 4), respectively, with a two-wavelength method of circular dichroism (CD), they displayed a typical a-helical structure, a b-sheet-rich structure, and an unfolded structure. The b-sheet-rich structure denoting the b-state appeared under moderately acidic pH and denaturing conditions ( pH 4; 2.5 M urea). Then, using CD, they measured the relative amount of b-state of hamster, mouse, rabbit, horse, and dog PrP under moderate to strong denaturing conditions ( pH 7 to 4 and 0-7.5 M urea). At neutral pH (7.0), none of the proteins were in the b-state regardless of urea concentration, but with increasing acidic conditions they detected varying concentrations of the b-state. At pH 5.0, only hamster PrP was in the b-state. At pH 4.5, both hamster and mouse PrP accumulated a mass of b-state, while rabbit PrP formed a small fraction of b-state. At pH 4.0, all five species PrP had the b-state fraction. However, horse and dog PrP had smaller fractions of b-state than hamster, mouse, and rabbit, indicating that the propensity to form the b-state is the greatest for hamster PrP, followed by mouse PrP, and then by rabbit, horse, and dog PrP [13] . This propensity, to some degree, proves rabbit's low susceptibility to prion diseases in PrP structure, because it seems that rabbit PrP tolerated the denaturation by acid and urea more than hamster and mouse PrP, although rabbit PrP was more prone to the formation of the b-state than horse and dog PrP.
Amino Acid Residues Specific to Rabbit PrP
PrP molecules that include either rabbit-or mouse-specific amino acid sequences were constructed from the N-terminal region (residues 1-111), central region (residues 112-177), and C-terminal region (residues 178 -254) [14] . To find out whether amino acid residues within these three regions of the rabbit PrP molecule affected the formation of PrP Sc ,
Vorberg et al. [14] made substitutions of mouse PrP amino acid sequence with rabbit PrP amino acid sequence. Substitution of mouse PrP amino acid sequence with rabbit PrP amino acid sequence at the C-terminus drastically decreased, but did not abolish, the formation of PrP Sc . However, substitution of mouse amino acid sequence with rabbit amino acid sequence at the N-terminus totally prevented PrP Sc formation. Conversely, substitution of the rabbit amino acid residues in the C-terminus with the mouse PrP residues failed to convert the rabbit PrP to a protease resistant form. These results suggested that amino acid residue differences within the N-terminus and C-terminus, and possibly the central portion of the rabbit PrP molecule all negatively affect the formation of PrP Sc . Mouse and rabbit PrP have 87% sequence identity, but there are 22 amino acids that are different, and several of these residues are in regions of PrP known to be important in PrP Sc formation. In scrapie-infected mouse neuroblastoma cells, residues Gly99 and Met108 within the N-terminus, Ser173 within the central region, and Ile214 within the C-terminus of rabbit PrP were shown to inhibit PrP Sc generation when incorporated into mouse PrP, suggesting that multiple amino acid residues in rabbit PrP inhibit PrP Sc formation (Fig. 1) . Unfortunately, the authors did not clarify how different amino acid residues inhibit PrP Sc formation. Nisbet et al. [15] found that approximately one-third of amino acid differences between mouse and rabbit PrP C s were shown to occur at the glycosylphosphatidylinositol (GPI) anchor attachment site (v site), and they predicted that the difference in amino acid sequence around the v site could alter the GPI anchor of RaPrP hindering prion propagation. To investigate whether these residues confer rabbits' low susceptibility to prion infection, they created a mutant PrP model, mouse RK-13 cells expressing MoPrP-RbGPI. They found that these mutant RK cells were resistant to infectious prions and did not generate protease-resistant PrP. These results suggested that the rabbit-specific GPI anchor attachment site controls the conversion of RaPrP C into PrP Sc [15] . In addition, I214V and S173N substitutions were reported to result in distinct structural changes in RaPrP C [16, 17] . The above findings suggested that several amino acid residues may be implicated in the inability of RaPrP C to convert into PrP Sc , but the exact and key residues responsible for the low susceptibility of rabbits to prion diseases are yet to be clarified.
Hydrophobic Staple-like Helix-capping Motif in Rabbit PrP C Using the two-wavelength CD method with X-ray crystallography, Khan et al. [13] identified a key helix-capping motif that controls the formation of the b-state may govern the susceptibility to prion diseases. In rabbit PrP C 121-231, the backbone amide of S174 and the side-chain carbonyl of N171 form a hydrogen bond. The backbone carbonyl of N171 backwards binds to the side-chain hydroxyl group of S174. Thus, a helix-capping motif that is unique in rabbit PrP structure is formed through these reciprocal side-chain to backbone hydrogen bonds and the flanking hydrophobic residues Y169 and F175 [18, 19] . To determine the function of this unique motif, the authors constructed a S174N mutant. The S174N mutation in this helix-capping motif allowed the mutated rabbit PrP C to be in the b-state at pH 4.5 and 4 mM urea in which the wild-type rabbit PrP C cannot be in the b-state. The disruption of this helix-capping motif increased the b-state propensity of rabbit PrP C to levels similar to the PrP C from mouse, a species more susceptible to prion diseases. These findings suggested that the helix-capping motif formed between residues 171 and 174 could be responsible for the conformational stability of rabbit PrP C and rabbits' low susceptibility to prion diseases.
A Highly Ordered b2-a2 Loop
To understand the structural stability of rabbit PrP C , Wen et al. [17] used multi-dimensional heteronuclear nuclear magnetic resonance (NMR) techniques to determine the structure of the recombinant protein RaPrP C -(91 -228) and its S173N variant. They used CD spectroscopy to assess the conformational stability upon urea-induced denaturation and performed 15N relaxation measurements to detect the backbone dynamics of their globular structured C-terminal domains (121-228). RaPrP C was found to possess a unique charge distribution, carrying a continuous area of positive charges on the surface, which distinguishes RaPrP from other PrP C s. Because intermolecular interactions are sensitive to surface charge, the unusual positive charges in rabbit PrP C may inhibit prion conversion. The authors produced detailed data on the dynamics of rabbit PrP C that point to the highly organized state of the b2-a2 loop [13] and they proposed that the highly ordered b2-a2 loop in rabbit PrP C may contribute to the local as well as global stability of the protein. The NMR dynamics analysis revealed a distinct increase in the structural flexibility of loop 165-172 and helix-3 after the S173N substitution, implying that the S173N substitution disturbs the long-range interaction between loop 165-172 and helix-3, which further leads to a marked decrease in the global conformational stability. The S173N substitution caused visible changes of the charge distribution around the recognition sites. These results suggested that the ordered loop 165-172 and its interaction with helix-3, together with the unique distribution of surface electrostatic potential, significantly contribute to the unique structural characteristics of RaPrP C .
Salt Bridges at D201-R155 and D177 -R163
There always exist salt bridges between D202-R156 and D178-R164 in human and mouse PrPs, and between D201-R155 and D177-R163 for the rabbit PrP [20, 21] . Zhang [22] compared the stability of mouse, rabbit, and human PrPs by molecular dynamics simulation. Salt bridges at D202-R156 and D178-R164 in human and mouse PrPs and at D201-R155 and D177-R163 in the rabbit PrP were removed under low pH conditions. Removing the salt bridges did not alter the secondary structures of human and mouse PrPs, while the helical structure of the wild-type rabbit PrP collapsed. Thus, it appears that the D177-R163 and D201-R155 salt bridges contribute to the structural stability of the rabbit PrP.
Amyloid Fibril Formation
Amyloid fibrils are associated with neurodegenerative diseases such as Alzheimer disease, prion diseases, and amyotrophic lateral sclerosis [23] [24] [25] [26] . The formation of amyloid fibrils is thought to result from failures of cellular quality control mechanisms including molecular chaperones, proteolysis, autophagy, and proteasomes [27, 28] . Zhou et al. [29] studied the effects of two 'inert' polymeric crowding agents, Ficoll 70 and dextran 70, on the kinetics of amyloid formation of the recombinant full-length rabbit, human, and bovine PrP using ThT binding assays. They showed that the macromolecular crowding agents had different effects on fibrillation of the recombinant PrPs of different species. While these agents dramatically promoted fibril formation of human and bovine proteins, they appeared to significantly inhibit fibrillation of the rabbit protein. The above findings were consistent with the experimental results of Ma et al. [30] , who also reported inhibition of fibril formation of rabbit PrP and enhancement of amyloid fibril formation of human and bovine PrP by the crowding agents. It was observed that amyloid fibrils formed by the rabbit protein contained more a-helix structure and less b-sheet structure than the human and bovine proteins [29] . Therefore, the inhibition of fibril formation of the rabbit protein in the crowded physiological environment could be one of the reasons why rabbits have low susceptibility to prion diseases. . They also challenged rabbits with brain homogenate from the clinically affected rabbits. Western blot analysis of brain homogenate from the dead and the diseased rabbits confirmed the presence of PrP Sc in all of the brain areas examined. The above results showed that the rabbit prion generated in vitro are infectious and transmissible, and suggested that rabbits are not completely resistant to prion infection.
Generation of Rabbit PrP

Conclusion
The PrP of rabbits have many special structures including specific amino acid residues, hydrophobic staple-like helixcapping motif, highly ordered b2-a2 loop, and salt bridges at D201-R155 and D177-R163. These special structures hinder rabbit PrP from forming amyloid fibril and b-state, and thus may fully account for the phenomenon that rabbits have low susceptibility to prion diseases. However, the rabbit prion can be generated in vitro through PMCA and proved to be infectious and transmissible. Then, can we abandon the current notion of the low susceptibility of rabbits to prion diseases? The rabbit prion was only produced through PMCA in vitro, but not by challenging rabbits directly in vivo with other known prion strains. Thus, we cannot yet say that rabbits are susceptible to prion diseases.
Most importantly, the studies on special structures of rabbit PrP C contributing to the stability of rabbit PrP C give us valuable knowledge of conversion of PrP C to the pathogenic form. Meanwhile, they also provide clues to design novel therapeutic approaches to block PrP conversion and disease propagation. 
